Preferential flow and particle-facilitated transport through macropores contributes significantly to the transport of strongly sorbing substances such as pesticides and phosphorus. The aim of this study was to perform a field-scale characterization of basic soil physical properties like clay and organic carbon content and investigate whether it was possible to relate these to derived structural parameters such as bulk density and conservative tracer parameters and to actual particle and phosphorus leaching patterns obtained from laboratory leaching experiments. Sixty-five cylindrical soil columns of 20-cm height and 20-cm diameter and bulk soil were sampled from the topsoil in a 15-m × 15-m grid in an agricultural loamy field. Highest clay contents and highest bulk densities were found in the northern part of the field. Leaching experiments with a conservative tracer showed fast 5% tracer arrival times and high tracer recovery percentages from columns sampled from the northern part of the field, and the leached mass of particles and particulate phosphorus was also largest from this area. Strong correlations were obtained between 5% tracer arrival time, tracer recovery, and bulk density, indicating that a few well-aligned and better connected macropores might change the hydraulic conductivity between the macropores and the soil matrix, triggering an onset of preferential flow at lower rain intensities compared with less compacted soil. Overall, a comparison mapping of basic and structural characteristics including soil texture, bulk density, dissolved tracer, particle and phosphorus transport parameters identified the northern one-third of the field as a zone with higher leaching risk. This risk assessment based on parameter mapping from measurements on intact samples was in good agreement with 9 yr of pesticide detections in two horizontal wells and with particle and phosphorus leaching patterns from a distributed, shallow drainage pipe system across the field. (Geological Survey of Denmark and Greenland, 2009 ). In the same period, the number of pesticides and pesticide degradation products for which analyses were performed increased. Hence, the increase in pesticide detections should be seen not only as a result of increased use, but also as a result of the increased number of analyses performed. The Danish Pesticide Leaching Assessment Programme (PLAP, http://pesticidvarsling.dk) was initiated in 1998 following the increase in the detection of pesticides and pesticide degradation products. The Programme monitors and evaluates pesticide leaching to drainage water and groundwater to assess leaching risks at field scale. Pesticides included in this program are applied in the prescribed manner to five Danish arable fields at representative locations in Denmark. Detection of pesticides is evaluated in relation to the drinking water quality criterion of 0.1 mg L −1 . The use of hundreds of different compounds with widely contrasting physical and chemical properties in agriculture makes it difficult to generalize about compound transport pathways. However, studies have shown that preferential flow and particlefacilitated transport through macropores significantly contribute to the transport of strongly sorbing pesticides (de Jonge et al., 1998; Villholth et al., 2000; Fox et al., 2004; de Jonge et al., 2004a; Gjettermann et al., 2009; . Likewise, studies have shown that macropore transport dominates the particlefacilitated transport of phosphorus (Laubel et al., 1999; de Jonge et al., 2004b; Schelde et al., 2006) . There is no absolute definition for macropores based on size. In Jarvis (2007) macropores are defined as pores with diameters larger than 0.3 to 0.5 mm, however, Chen and Wagenet (1992) defines macropores as pores with an equivalent diameter of 0.03 to 5 mm. Pores of this size originate from shrinkage cracks, interaggregate voids, earthworm channels, and roots and are often characterized by relatively high continuity and low tortuosity. Preferential flow through macropores often occurs when the water pressure is close to saturation and at some point exceeds the "water-entry" pressure of the soil. At this point the difference in hydraulic conductivity between the soil matrix and macropores creates a non-equilibrated flow with water flowing rapidly in macropores compared with the wetting front in the matrix ( Jarvis, 2007) . Macropore transport and preferential flow mainly occur in fractured, clay-rich soil (McCarthy et al., 2002; Jacobsen and Kjaer, 2007) , whereas matrix flux dominates in sandy soils ( Jarvis et al., 2009) .
Surface-applied, otherwise immobile and non-leachable, compounds like phosphorus and some pesticides are sorbed to particles at the soil surface. Because of macropore flow, the compounds bypass much of the adsorption and degradation capacity within the reactive upper soil matrix (Jarvis et al., 2009) . Although preferential transport is decisive for the leaching of both weakly sorbing and strongly sorbing chemicals, knowledge is still sparse on how to determine field-scale variability of preferential flow pathways. Direct measurements of soil hydraulic properties are both expensive and time-consuming and often practically impossible (Iversen et al., 2011) . However, prediction of preferential transport pathways from easily measured parameters such as soil texture, bulk density, and tracer parameters could provide essential information about field-scale vulnerability in relation to preferential flow paths. Such predictions, nonetheless, require a large coherent data set of both simple soil physical and chemical parameters as well as indicator parameters for preferential flow and transport. de Jonge et al. (2004b) and Poulsen et al. (2006) compared soil physical parameters and bromide transport parameters for 42 columns sampled from the topsoil of an agricultural field in a 20-m × 20-m grid. Both studies compared the distribution of soil physical properties, transport parameters, and leached quantity of colloids and concluded that the most important mechanism controlling colloid leaching is soil structure and related transport parameters. Jarvis et al. (2009) developed a classification scheme to classify the susceptibility of soil to macropore flow in the top-and subsoil horizons and validated this against preferential flow indicators from solute breakthrough curves obtained from other published studies. It was concluded that macropore flow can be predicted reasonably well from easily available soil properties and geographic site information. However, they did not include any field-scale spatial variability in their study. Iversen et al. (2011) developed pedotransfer functions to predict logarithms to the saturated hydraulic conductivity (log[K s ]) and to the unsaturated hydraulic conductivity at a matric potential of −1 kPa {log[k(−1)]} using combinations of different soil physical parameters. From log(K s ) and log[k(−1)] they developed a map dividing Denmark into risk categories for macropore flow.
The main objectives of our study were to link basic soil characteristics such as clay content and organic carbon (OC) content to derived soil structural parameters like bulk density, arrival time of the first 5% of the tracer mass, and tracer mass recovery to investigate whether it would be possible to map and predict areas especially vulnerable to leaching at field scale. In this study, phosphorus was used as an example of a strongly sorbing model compound that is prone to be transported by particle-facilitated transport, as also suggested by de Jonge et al. (2004b) and Vendelboe et al. (2011) , but phosphorus should not be considered as a surrogate for pesticides. Particle mobilization and transport, solute transport, and particle-facilitated transport of phosphorus were studied at 20-cm × 20-cm cylindrical columns. Finally, on the basis of mapped field distribution of selected leaching parameters, the result of the risk assessment was compared with results from a 9-yr monitoring program for pesticides representing both weakly and strongly sorbing compounds sampled from two horizontal wells located in the northern and southern end of the field at a depth of ~3.5 m.
Materials and Methods

Field Site
The field in Silstrup is located in the northwestern part of Jutland, Denmark (Fig. 1A) . The Silstrup field site is located on glacial till, a dominant geological formation covering about 43% of all farmland in Denmark (Geological Survey of Denmark and Greenland, 1999; NERI, 2000) . The upper meter of the soil is heavily fractured and bioturbated, containing 100 to 1000 biopores m -2 . The site's two pedological profiles are classified as Alfic Argiudoll and Typic Hapludoll according to the USDA soil classification system (Lindhardt et al., 2001; Kjaer et al., 2007) . The geological setting consists of rather homogenous clay till rich in chalk and chert with local occurrences of thin silt and sand beds (Lindhardt et al., 2001) .
The field is a systematically tile-drained loamy field with a cultivated area of 1.69 ha. The tile drains are located at an average depth of 1 m below the ground surface (b.g.s.), and the water table is relatively shallow, located at 1 to 3 m b.g.s . A monitoring well is established at the outlet of the drainage system for collection of drainage water by continuous flow-proportional sampling. Furthermore, the field is equipped with two horizontal wells (H1 and H2, Fig. 1B ) drilled perpendicular to the edge of the field separating it into three equal-sized sections. The two wells are approximately 3.5 m b.g.s and each well consists of three 18-m screen sections separated by 1-m bentonite seals. The sections are named 1, 2, and 3, and thus the sections in H1 are identified as H1.1, H1.2, and H1.3. Pesticide analyses are performed on water samples from section 2 in H1 and H2 every month, whereas water from sections 1 and 3 is analyzed three times a year (Lindhardt et al., 2001) . Geological properties, soil hydrology, and monitoring equipment are further described in Lindhardt et al. (2001) and Kjaer et al. (2007) .
Before sampling, the Silstrup field had not been tilled for almost 2 yr. A thorough overview of management practice performed on the field in Silstrup from 2006 to 2010 can be found in Table 1 
Sampling
Sixty-five cylindrical 20-cm × 20-cm soil columns were sampled from the topsoil on 10 Oct. 2010. The columns were sampled from a rectangular 15-m × 15-m grid (Fig. 1C) . To avoid recurring phenomena caused by field cultivation, sampling points were randomly placed either at the grid intersects or 1 m away from the grid intersects in random directions. The columns were pushed into the soil by a hydraulic press mounted on a tractor until the edge of the column was level with the soil surface. Then the columns were carefully excavated by hand, trimmed at the bottom, and sealed. The sampling holes were carefully filled after sampling with soil from the neighboring field. At the time of sampling the field was cultivated with red fescue (Festuca rubra L.). The columns were stored at 2°C until further treatment in the laboratory. Adjacent to the column sampling points, bulk soil was sampled from the same 20 cm soil depth.
Physical and Chemical Soil Properties
Bulk density was determined from weights of the columns after drying at 105°C. Texture of the bulk soil samples was determined according to Gee and Or (2002) by a combined sieve/hydrometer method. Organic carbon was determined on a LECO analyzer coupled with an infrared CO 2 detector (Thermo Fisher Scientific Inc.). Interpolated maps for comparative mapping of soil physical, chemical and structural parameters were obtained from ordinary kriging in ArcMap 10.0. The pH was measured in a soil/water solution of 1:4 by volume and electrical conductivity (EC) was measured in a soil/water solution of 1:9 by volume for all 65 bulk soil samples.
Applying the Dexter et al. (2008) "Clay Saturation" Concept
According to Dexter et al. (2008) the ability of soils to maintain or regenerate functional structure, soil-water repellency, satisfactory tilth conditions, and clay dispersion can be related to the ratio between clay and OC, termed the Dexter threshold ratio n. Dexter et al. (2008) showed that the optimal ratio, n, between clay and OC is 8 to 11 with 10 being the most optimal ratio. At this ratio a complex is formed by the association of one unit mass of OC with 10 g clay. Below this threshold ratio, the soil is saturated with OC. Saturated soils, with n < 10 and <10 g of clay per unit of mass OC, have improved soil physical properties compared with OC-depleted soils (n > 10). In soils where n > 10, the pool of non-complexed clay contributes to the pool of readily dispersible clay colloids that may be transported by macropores to the aquatic environments (Dexter et al., 2008; de Jonge et al., 2009) .
Column Leaching
Immediately after sampling, air permeability, and airconnected porosity were measured on the columns. Leaching experiments were performed within 4 to 20 wk from sampling. Before leaching, each column was saturated from the bottom in artificial soil water (0.652 mM NaCl, 0.025 mM KCl, 1.842 mM CaCl 2 , and 0.255 mM MgCl 2 ; pH = 6.38; EC = 0.6 mS cm For the leaching experiment, each column was placed on a 1-mm steel mesh, and water was applied from a rotating irrigation head with 44 needles placed randomly to ensure homogenous application on the column surface. There was free drainage from the bottom of the columns. Effluent for further analyses was collected through a funnel in plastic bottles placed on a rotating disc below the column setup. The columns were irrigated with artificial rainwater (0.012 mM CaCl 2 , 0.015 mM MgCl 2 , and 0.121 mM NaCl; EC = 0.025 mS cm -1
; pH = 5.76-7.26) with an intensity of 10 mm h −1
. A 1-h rainstorm of this intensity occurs at a frequency of once annually in Denmark (Arnbjerg-Nielsen et al., 2006) . The time taken for the first drop of water to exit the column was recorded and defined as water breakthrough time. Water breakthrough time was registered after 12 to 40 min meaning that the fastest first drop from a column occurred after 12 min and the latest after 40 min, and from the time of breakthrough the columns were irrigated for 6.5 h. Tritium was used as a conservative tracer and applied as a pulse for 10 min when water outflow was steady (time = 0). Steady outflow was defined as the point when the column outflow volume became constant over time. Outflow from the columns was generally stable 20 min after breakthrough with a few exceptions. The irrigation rate when applying the tritium tracer was 10 mm h −1 as well. Effluent was collected for 6.5 h and analyzed for turbidity, pH, EC, total phosphorus (TP), total dissolved phosphorus (TDP), and tritium activity. Turbidity, pH, and EC were measured on water from all sampling intervals separately, but to minimize the number of samples for TP and TDP analyses, water samples were pooled after the first three sampling intervals (i.e., after 30 min).
Turbidity was measured on a Hach 2100AN turbidimeter (Hach, Loveland, CO) equipped with an EPA filter, measuring at wavelengths from 400 to 600 nm. The nephelometric turbidity (NTU) is assumed proportional to particle concentration (mg L −1 ). The correlation between NTU and particle concentration was obtained from turbidity measurements on different soil suspensions. The different suspensions were made from a main suspension obtained by dispersing bulk soil from Silstrup in deionized water and isolating particles <2 mm by gravitational sedimentation. Two relationships (one power and one linear) were used to calculate the particle concentration ( For NTU > 1000: C = 0.376×NTU+272.44
[2]
Total dissolved P was defined as the phosphorus concentration present in the supernatant after centrifuging for 1 h at 5000 G (lower cut-off particle diameter of 0.1 µm). Phosphorus concentrations were determined using acid persulfate digestion in an autoclave (120°C, 200 kPa, 30 min) (Koroleff, 1983) followed by a colorimetric technique (Murphy and Riley, 1962) . The fraction of particulate phosphorus (PP) was estimated as the difference between TP and TDP. Tritium decay per minute was determined on each effluent sample throughout the experiment on a liquid scintillation analyzer (Tri-Carb 2250 CA).
Results and Discussion
Physical and Chemical Soil Properties
Clay content in the topsoil across the field were from 0.14 to 0.19 kg kg −1 and OC was from 0.017 to 0.022 kg kg −1 (Table 2) . Highest clay contents and lowest OC contents were found in the northern part of the field. Thus, clay and OC gradients run in opposite directions ( Fig. 3A and B) . Interpolation was done in geostatistical analyst in ArcMap 10.0. Omni-directional global variograms were calculated and different theoretical models were fitted based on root mean square error (RMSE). Information about interpolation models and semivariograms is given in Table 3 . Three Dexter et al. (2008) saturation lines representing n = 8, 10, and 11 are included in the plot in Fig. 4 . Considering the line representing n = 10, the clay at all sampling points, except for three located in the northern part of the field, should be OC-saturated. Therefore, according to the Dexter et al. (2008) concept the soil should be stable and able to regenerate from external physical disturbance (de Jonge et al., 2009 ). In Fig. 3C it is possible to draw a line where, roughly, the upper 40% of the field represents an area with higher Dexter n ratios. Assuming that a soil is OC depleted if n > 8.5, this northern part of the field is not saturated with OC. The Dexter map in Fig. 3C is not interpolated from single-point clay/OC ratios at each point, but complied by making the ratio of the clay and OC grids, and therefore there are no semivariogram for this map in Table 3 .
Similar to clay content, bulk density was between 1.39 and 1.60 g cm −3 (Table 2 and Fig. 3D ), and the highest values were found in the northern part of the field. Together with soil management, the ratio between clay and OC, expressed by Dexter's n, can be a controlling factor for field-scale variations in bulk density. Keller and Hakansson (2010) developed model equations for estimation of bulk density from the soil particle size distribution and soil organic matter content and found that bulk density especially was controlled by organic matter content. Higher bulk densities in the northern part of the field may lead to a more compact, less permeable soil matrix with a decreased volumetric content of macropores that are well aligned and well connected.
Variations in air permeability and air-connected porosity in situ, measured right after the columns where sampled, are shown in Fig. 5A and B. Both air-phase parameters increased toward a hot-spot area of high air-connected porosity and air permeability in the southeastern part of the field where the lowest dry bulk densities are also located (Fig. 3D) . In general, variations in airconnected porosity and air permeability agreed well.
Water content of the columns at the time of sampling was between 0.30 and 0.35 cm 3 cm -3 and thus, there is no clear variation in topography because of water content across the field. 
Tritium Breakthrough Curves
Tritium was applied at steady water outflow (generally after 20 min, denoted as time = 0). The curves are arranged according to increasing bulk densities (Fig. 6 ). Within the 6.5 h of leaching, in general 0.83 to 1.17 pore volumes passed the columns. With a few exceptions, the breakthrough curves peak after only a small quantity of the pore volume has passed, indicating strong preferential flow pathways. As bulk density increases, toward the lower right plot in Fig. 6 , the relative tracer concentration peaks increase and at the same time the curves become increasingly skewed to the right. These higher peak concentrations might originate from well-aligned and well-connected macropores, and the asymmetric and right-skewed form of the breakthrough curves also indicates a highly heterogeneous soil where the transport pathways are dominated by macropore flow. Nevertheless, the pronounced tailing on some of the curves suggests that a small fraction of solute was limited by diffusion between the mobile and immobile water phase (Kjaergaard et al., 2004) . Similarly, Kjaergaard et al. (2004) observed asymmetric breakthrough curves for soil with clay contents above 18% and Glaesner et al. (2011) reported earlier breakthrough for loamy soils than for sandy loams.
Tritium mass recovery was on average 67%. A contour map of tritium mass recovery percentages is shown in Fig. 7A ; the highest recoveries were found within the northern one third of the field. Glaesner et al. (2011) found an average mass recovery of 94% after approximately 10 h of leaching with a suction of −50 cm applied at the bottom of the columns. The larger amount of tritium recovered in their study was probably caused by the longer sampling time compared with the 6.5 h of sampling in our experiments.
The 5% tritium arrival time is defined as the time when 5% of the applied tritium has been detected in the effluent, and this parameter was found from mass-accumulated tritium curves. Figure 7B shows field-scale variations in 5% arrival time; the lowest values were found to the north. Nonparametric shape measures for solute breakthrough curves were evaluated in Koestel et al. (2011) based on a dataset of 115 tracer breakthrough curves from the literature. In their study they identify the relative arrival time of the first 5% of the tracer mass as the most robust shape parameter to serve as an indicator for preferential flow and transport. In Silstrup high tritium recovery percentages were obtained at fast 5% tritium arrival times and thus fast breakthrough. This negative correlation confirms that short retention times in the compacted columns with pronounced macropore flow result in higher recoveries of tritium in the effluent because of the limited solute exchange with the inner, immobile soil matrix.
Particle Leaching
The conversion from NTU to particle concentration in , respectively, and although these contents are similar to the soil in Silstrup, specific conversions for each soil are needed to calculate correct particle concentrations.
Particle leaching curves for all 65 columns are shown in Fig. 8 . The particle concentration associated with water breakthrough (first flush, here defined at 2.4 mm outflow) was high compared to the stable particle concentration reached after ~10 mm outflow. This particle leaching dynamic was also found by Schelde et al. (2002) and Vendelboe et al. (2011) , among others, in similar leaching experiments on undisturbed soil columns. During first flush, loose particles at the macropore walls are detached by the irrigating water and transported to the collecting bottles at the bottom of the soil columns (de Jonge et al., 2004b; Majdalani et al., 2008; Vendelboe et al., 2011) . Particle concentrations during first flush varied between 62 and 390 mg L . Peaks on the particle concentration curves after first flush were ascribed to the clogging and unclogging of individual pores leading to a water pressure build-up in one or more blocked macropores (de Jonge et al., 2004b; Vendelboe et al., 2011) .
Because of the significant correlation of bulk density with the total accumulated mass of particles leached (r = 0.29) shown in Table 4 , the particle leaching curves in Fig. 8 have been arranged according to increasing bulk densities. However, it was not possible to see any clear trends in the shape or change in the particle leaching curves as bulk density increases in the figure. also used in this study.
After 50 min of irrigation the high particle concentrations, mainly associated with first flush, reached a lower and more constant level for all columns (Fig. 8) . Table 5 shows first-flush leached particle concentrations from this and similar laboratory studies, all on undisturbed columns. Even though the particle 
5% arrival time
*P < 0.05. **P < 0.01. ***P < 0.001. † OC, organic carbon; PP, particulate phosphorus. ‡ Total accumulated particle mass leached at 60 mm outflow. § First-flush particle mass leached at 2.4 mm outflow. ¶ Total accumulated PP mass leached at 60 mm outflow.
# First-flush PP mass leached at 2.4 mm outflow.
concentrations associated with first flush in our study were high compared with subsequent concentrations, they were low compared with other similar leaching studies, except for Kjaergaard et al. (2004) , who found smaller first-flush values. Their columns were, however, also sampled from a no-till system, the applied irrigation rate was considerably lower than the one we used and a lower boundary of −5 cm was applied to the columns during the leaching experiment. The no-till management conditions imposed on the field in Silstrup might result in lower leached particle concentrations because the immediate particle release or soil dispersibility depends on particle mobilization and consequently soil tillage (Etana et al., 2009 ). Thus, Gjettermann et al. (2009) found average leached particle concentrations in the effluent ranging from 50 to 97 mg L −1 and 183 to 295 mg L −1 for columns sampled from minimally disturbed and plowed sandy loam soils, respectively.
The range of particle concentrations in first flush from our undisturbed soil columns (62-390 mg L -1 ) were compared with those found in other field-scale studies. Laubel et al. (1999) performed six rain simulations on two 25-m 2 plots on loamy soil (clay content: 15.5-22.0%). The irrigation intensities varied between 15.3 and 37.0 mm over 2 to 3 h. Water samples were collected manually from the drainpipe outlet and particulate matter concentrations during first flush varied between 63 and 334 mg L −1
. Grant et al. (1996) measured particulate matter concentrations in the main outlet of a drainage network in a 13.3 ha intensively farmed catchment area of mainly sandy loam soil. The concentration peaked during a rainstorm event on 14 Sept. 1993 at 165 mg L −1
. El-Farhan et al. (2000) obtained peak colloid concentrations of up to 265 mg L −1 after repeated in situ infiltration experiments at field scale. In situ field experiments by Villholth et al. (2000) and Schelde et al. (2006) also showed high particle concentrations after breakthrough followed by a decrease to a constant level.
Particulate Phosphorus Leaching
The shape of TP and PP concentration curves was similar to the shape of the particle leaching curves with high firstflush concentrations that stabilized after approximately 10 mm outflow (curves not shown). Particulate P concentrations varied between 0.07 and 1.73 mg L −1 during first flush and reached a constant level between 0.1 and 0.35 mg L -1
. Figure 9A shows the PP concentrations against particle concentrations in the first three sampling intervals (i.e., the first 3 × 10 min) for each column, and as in similar leaching studies by Laubel et al. (1999) , Schelde et al. (2006) and Vendelboe et al. (2011) , there is a linear correlation between particle and PP concentrations. A linear correlation was likewise obtained between the first-flush particle mass and the first-flush PP mass (Fig. 9B) .
On a weekly basis, particle concentrations, TP concentrations and TDP concentrations were measured on pooled samples of drainage water from the flow-proportional sampling in Silstrup. Measured particle and PP concentrations in drainage water samples from 7 Oct. 2010, to 13 Apr. 2011, are shown in Fig. 10A together with daily precipitation rates. PP concentrations are calculated as the difference between TP and TDP concentrations. After notable rain events, both particle and PP concentrations peak as a result of first flush. The particle peak concentrations were, however, much lower than those obtained within first flush on the columns, and because of lower particle concentrations we also get lower PP concentrations. This difference is probably caused by dilution when pooling the samples of drainage water and it is therefore difficult to compare concentration levels. However, the tendencies are the same as found in the columns and also Fig. 10B shows the same linear tendency between particle concentrations and PP concentrations as in Fig. 9A .
Parameter Correlations
Pearson's correlation coefficient for parameter relationships is shown in Table 4 . The correlation between first-flush particle mass and first-flush PP mass (r = 0.66) agrees with the graph in Fig. 9B ; first-flush colloid-facilitated transport obviously plays an important role in the leaching of phosphorus. The correlation between tritium recovery percentages and 5% arrival time is also high (r = −0.74). Fast 5% arrival time and high tritium recovery suggest highly preferential transport pathways and limited solute exchange with the inner soil matrix.
Bulk density is positively correlated with tritium recovery (r = 0.72) and negatively correlated with 5% arrival time (r = -0.68, Table 4 , Fig. 11 ). This can be explained by a highly compacted soil with a high-bulk density having relatively few, but very continuous macropores, which can lead to preferential transport pathways with limited matrix transport, high tritium recoveries and fast 5% arrival times. In a less-compacted soil, water and solutes are exchanged between the main transport pathways and the inner, immobile soil matrix. This exchange retards solutes and leaves enough time for sorption and degradation limiting the amount of contaminants that reach underlying waters.
Assessing Field-Scale Vulnerability Zones
Our hypothesis is that a compacted, high-bulk density soil in the northern part of the field can lead to a low-permeable soil matrix with a decreased volumetric content of macropores. Yet, these macropores will likely be better aligned and connected, making the difference in hydraulic conductivity between macropores and soil matrix large enough to cause the onset of preferential flow events at lower rain intensities than for the less compacted soil at the southern part of the field. According to Jarvis et al. (2009) , this phenomenon is characteristic for soils with relatively high clay contents, where the soils are often well structured with a system of macropores and relatively low hydraulic conductivity in the matrix. The Silstrup field has been a no-till system for almost 2 yr., giving the soil time to establish a stable structure with intact, connected, and continuous macropores from the soil surface down through the soil profile. Activation of these macropores leads to an abrupt increase in the water flow rate by several orders of magnitude for only a small increase in soil water pressure (Iversen et al., 2011) , and this will tend to promote particle and particlefacilitated transport as also indicated by the measurements. The amount of particulate matter leached through these macropores depends on whether there is a continuous supply of mobilized, stable particles in suspension. The supply of particles will be less from a no-till system as the one in Silstrup, as is also evident from the low first-flush particle concentrations compared with values from the literature. However, soil tillage will generate a large pool of easily mobilized particles that may contribute significantly to enhanced particle leaching through well-structured soils during rainstorm events. The map in Fig.  12 shows the total accumulated particle mass and PP mass leached at 60 mm outflow from the columns. According to this map, the largest mass of particles is leached from the northern part of the field (Fig. 12A) . From Fig. 9 and similar literature studies by, for example, de Jonge et al. (2004b) and Schelde et al. (2006) , we know that there is a strong positive correlation between the leaching of colloids and that of strongly sorbing compounds (Fig. 12B) . The small-scale results achieved in this study were compared with field-scale monitoring results from Silstrup to see whether it is possible to predict field-scale vulnerability from small-scale measurements. Results from April 2000 through September 2009 from the Danish PLAP database have shown that there is a large difference in pesticide detections in water samples from the two horizontal wells H1 and H2 (Fig. 13, Fig. 1B ). Pesticides were detected in 44% of the water samples from H1.2 (the middle screen section in the northern horizontal well, n = 115), whereas only 5% of the water samples from H2.2 (the middle screen section in the southern horizontal well, n = 113) contained detectable pesticide concentrations. The outer screen sections in H1 and H2 show the same remarkable dissimilarities. The reason for the different results is not entirely certain, but according to the theory presented in this study, the dissimilarities could be explained by differences in the soil physical structure across the field.
When assessing field-scale vulnerability zones some basic soil parameters (e.g., clay, silt, and OC content) are important. Soil structure also plays an important role, and the potential for particle release needs to be considered. In our study bulk density, tracer recovery and 5% tracer arrival time appeared to be promising indicators of soil structure. Because of our hypothesis about well-connected macropores in the northern part of the field, we expected air permeability and air-connected porosity to be high in this area of the field where we also detected fast 5% tracer arrival times and high tracer recoveries; however, this was not the case. Thus, air permeability and airconnected porosity at in situ conditions (Fig. 5A and B) were less promising as indicator parameters assessing field-scale vulnerability areas in this study. This seemingly disagrees with the findings by Loll et al. (1999) and Iversen et al. (2001) who found soil-air permeability measured on intact samples drained to −100 cm matric potential to well predict locations of high saturated hydraulic conductivity. This apparent disagreement is likely caused by the different drainage conditions applied. In this study the area in the southeastern part of the field with low bulk density (Fig. 3D ) had well-connected pores for soilair transport (Fig. 5A and B) under the given in situ conditions where the entire large-pore network was air-filled and likely participated in convective air transport. However, this did not directly translate to fast tracer and colloid transport at nearsaturated conditions (Fig. 7 and Fig. 12 ) where the very largest pores (approximately > 300 microns diameter at the applied drainage of -20 cm matric potential) were not water-filled and, thus, not participating in the water, tracer, and colloid transport. Opposite, the high-bulk density areas in the northern part of the field exhibited more straight and well-connected water-filled pores at near-saturation (−20 cm matric potential) and provided accelerated water, tracer, and colloid transport. In summary, it is essential to distinguish between near-saturated and fully fluid-saturated conditions when comparing and conveying measurements on intact soil columns to field-scale risk assessment.
Particle release can be estimated from basic soil texture, but Dexter's ratio, n, might be an even better indicator of soil stability and particle dispersibility. Schjønning et al. (2012) suggested a modified Dexter concept using a (clay + silt)/ OC threshold ratio instead. The field in Silstrup was analyzed using only the original Dexter concept (n » clay/OC), which seems promising for an initial zonation of this particular field. Nevertheless, a modified Dexter concept using both clay and silt can be a linking indicator/parameter that needs to be investigated further. Other parameters not considered in this study, for example the amount of water-dispersible colloids and tillage events, could also be used as indicators of particle release. However, the parameters presented in this paper were well able to characterize field-scale vulnerability zones within the field in Silstrup.
Conclusions
Particle concentrations and PP concentrations in the column effluent were positively correlated, indicating that the amount of water-dispersible colloids plays a role in the leaching of strongly sorbing compounds. This was further confirmed from the correlation between particle and PP concentrations measured on water samples from the shallow tile-drained system across the field in Silstrup.
Tracer parameters from leaching experiments were correlated to soil bulk density. The combination of highly compacted and clay-rich soil in the northern part of the field might lead to contaminant transport through preferential flow paths.
On the basis of soil physical parameters, bulk density and tracer parameters, it was possible to identify field-scale areas that, because of enhanced preferential transport, were vulnerable to leaching. A hitherto unexplainable long-term leaching phenomenon was determined to be caused by differences in soil physical structure. However, it is necessary to include dissolved chemical leaching parameters and colloidassociated leaching parameters in field-scale risk assessments in the future.
